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Abstract

Previous investigations have demonstrated that the roles of fuel stream dilution (FSD) and air stream
dilution (ASD) in suppressing CO,-diluted methane flames are strongly influenced by the level of partial
premixing. Herein, we compare this influence for both counterflow and coflow laminar non-premixed
and partially premixed flames (PPFs) established with various fuels, including methane, ethylene and acet-
ylene. We find that ethylene and acetylene flames are more difficult to extinguish than those burning meth-
ane. For methane, FSD is more effective in suppressing PPFs while ASD suppression is more effective for
non-premixed flames (NFs). In contrast, FSD suppression is typically more effective than with ASD for the
corresponding ethylene and acetylene flames irrespective of the level of partial premixing. ASD is ineffec-
tive in suppressing the investigated coflow ethylene and acetylene flames. For counterflow flames, FSD is
more effective in suppressing PPFs while ASD is more effective in suppressing NFs irrespective of the fuel
burned but the range of equivalence ratios for the relative effectiveness of FSD and ASD depends strongly
on the fuel. There is a linear correlation between the transition equivalence ratio at which the effectiveness
switches from FSD to ASD, and the rich flammability limit for all three fuels.
© 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Our previous investigations of the extinction of
CO,-diluted methane—air partially premixed
flames (PPFs) [1-3] have shown that the relative
effectiveness of fuel and air stream dilution (FSD
and ASD, respectively) varies significantly with
the fuel stream equivalence ratio. This is signifi-
cant since fire suppressants are typically intro-
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duced into the air surrounding a flame, which
may not always be the most effective action for
flame suppression. Herein, we investigate the
effectiveness of fuel and air stream dilution with
CO, in suppressing PPFs for various fuels. We
find that the rich flammability limit of a flame
has a significant impact on the effectiveness of
the suppressant and on the roles of FSD and
ASD.

Flames suppression by an agent can occur due
to the following three effects or a combination
thereof [4]: (i) the chemical effect of an agent, such
as halon, which influences the flame chemistry by
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reducing the concentration of key radical species,
(ii) the thermal effect of an inert agent that
decreases the flame temperature; and (iii) the
dilution effect that decreases the concentration
of a deficient reactant, thereby also decreasing
the flame temperature. Halons are very effective
chemically active flame suppressants [5,6]. How-
ever a ban on their production since 1994 [7],
has led to the introduction of a variety of alterna-
tive suppressants [8-10], including such inert
alternatives as water mist [11] and inert gases
[12-14]. The effectiveness of CO, as a flame sup-
pressant has been examined in different configu-
rations [1-3,15,16] but there is no comparison
available of its relative effectiveness as it is intro-
duced into the primary fuel and primary air
streams of PPFs.

We have reported experimental and numerical
results for the relative effectiveness of FSD and
ASD in suppressing CO,-diluted methane-air
flames [1]. We found that as the level of partially
premixing is decreased for both counterflow and
coflow methane—air flames, ASD is increasingly
more effective as compared to FSD in suppressing
the flames. Consequently, non-premixed flames
(NFs) are becoming more readily extinguished
by adding CO, to the air stream while FSD is
becoming more effective in extinguishing the cor-
responding PPFs. Similar results for several inert
and chemically active flame suppressants have
been reported [17-19]. Trees suggested that the
effectiveness of a suppressant in the fuel and air
streams of a flame depends upon the fuel [20]. This
is supported by other investigations [17-19] that
showed that the relative effectiveness of fuel and
air stream dilutions can change significantly for
a NF as the fuel changes. Thus, a general observa-
tion from these investigations is that the dilution
of either the fuel or air stream may be typically
the more effective means of flame suppression
for a certain condition [3,5] for both inert and
chemically active agents.

The literature contains many reports on the
relative effectiveness of fuel and air stream dilu-
tion in suppressing methane—air PPFs in both
counterflow and coflow configurations. However,
the role of fuel in determining this relative effec-
tiveness has been examined only in the context
of NFs and not for PPFs. Thus, it is important
to extend these studies because unwanted fires
often originate in a partially premixed mode with
a variety of fuels.

Herein, we focus on the suppression of meth-
ane, ethylene, and acetylene PPFs using CO, as
a diluent that is independently introduced into
the fuel and air streams. Our objective is to exam-
ine the effect of fuel in determining the relative
effectiveness of FSD and ASD in extinguishing
the PPFs for coflow and counterflow flames,
which also enables us to examine the effect of con-
figuration on flame suppression.
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Fig. 1. A schematic of the burner. Fine mesh screens are
inserted into both the central duct and annulus of the
burner to provide a plug flow velocity profile.

1.1. Experimental configuration

Two-dimensional axisymmetric flames were
established on a coflow burner consisting of two
annular tubes that is schematically presented in
Fig. 1. The inner tube has an internal diameter
of 11.1 mm and a wall thickness of 1 mm while
the outer tube has an ID of 22.2 mm. Several fine
mesh screens are inserted into the burner annuli
and placed just inside the burner exit in order to
provide a plug flow exit velocity profile. For cases
presented here, both the inner jet and the coflow
velocities were held constant at 50 & 0.32 cm/s
(combined expanded uncertainty with a coverage
factor of k = 2) in order to minimize shear effects
on flame liftoff and blowout.

Two gas bottles supplied the diluted fuel and
air stream mixtures that were prepared prior to
each experiment. All fuels were laboratory grade
gases (Airgas1 CHy4 99.95%, C>Hy4, 99.95%, and
C,H, 99.5% with trace acetone) that were burned
in filtered and dried compressed air (Airgas). Pre-
mixing CO, (Airgas, 99.9%) with the fuel-air mix-
tures in the bottles prior to each experiment
provided dilution. The uncertainty (expressed
with a coverage factor of 2) in the composition
of diluted fuel-air mixtures was less than 1%.

In our investigation, the amount of CO, dilu-
tion in the fuel or air stream was continuously
increased for a jet flame established at a specified
level of partial premixing so as to cause it to first
lift off from the burner, increase its liftoff height,

! Certain companies and commercial properties are
identified in this paper in order to specify adequately the
source of information or of equipment used. Such
identification does not imply endorsement or recom-
mendation by the National Institute of Standards and
Technology, nor does it imply that this source or
equipment is the best available for the purpose.
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and eventually extinguish it through blowout. Air
stream diluted C,H, flames could not be experi-
mentally established due to safety issues pertain-
ing to our experimental setup while partially
premixed acetylene flames were burner attached
regardless of the amount of ASD and produced
significant heat damage to the burner. For the pre-
scribed flow conditions, the C,H, flames without
fuel stream dilution were too large and sooty at
high equivalence ratio cases or had relatively high
flame temperatures (that caused the burner mate-
rial to overheat and melt) and high flame speeds at
lower equivalence ratios approaching stoichiome-
tric (that produced flashback). FSD and ASD
experiments on flames burning methane and eth-
ylene were performed with the diluent volume
fraction in the range 0 < Xco, < blowout. Experi-
ments for C,H, flames with FSD were performed
with an initially large X co, value that produced a
lifted flame. This value was progressively
decreased until the flame became burner attached.

The flow was regulated by two MKS mass flow
controllers with an uncertainty of 1% of full scale
flow. Direct images of the flames were taken with
a (640 x 480) pixel charged coupled device (CCD)
camera (Sony F828). The overall uncertainty in
the flame liftoff height measurements is +5%,
and arises due to buoyancy induced oscillations
[2,21,22], and uncertainties in the camera location
and focal length.

1.2. Numerical models

Axisymmetric coflow flames were simulated
based on the algorithm developed by Katta
et al. [23]. The method, which is described else-
where in detail [24,25], solves the time-dependent
governing equations for unsteady reacting flows
in an axisymmetric configuration, i.e.,
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Here, # denotes the time, and u and v represent
the axial (z) and radial (r) velocity components,
respectively. The general form of the equation
represents conservation of mass, momentum, spe-
cies, or energy conservation, depending on the
variable used for ¢. The diffusive transport coeffi-
cient I'? and source terms S? appearing in the
equation are provided in Table 1 of Ref. [26].
Introducing the overall species conservation equa-
tion and the state equation completes the set of
equations. In addition, a sink term based on an
optically thin gas assumption is included in the
energy equation to account for thermal radiation
from the flame [27].

Simulations employed a computational
domain of 150 x 100 mm in the axial (z) and
radial (r) directions with a non-uniform staggered
401 x 101 grid. The grid was produced through
sequential refining of the number of points until
there was negligible change in the flame shape,
structure, and other characteristics. Numerical
investigations establishing grid independence have
been reported elsewhere [28]. The simulations
employed the same burner configuration as shown
in Fig. 1, with nearly flat velocity profiles at the
burner exit that match our experiments. Appro-
priate boundary conditions were employed at
the axis of symmetry, outflow (top and outer),
and inflow boundaries. The outflow boundaries
were situated sufficiently far from the flame to
minimize their effect on the simulation. A detailed
discussion of the boundary conditions is also pre-
sented elsewhere [22,28,29]. The methane-air
chemistry is modeled using a detailed mechanism
that considers 24 species and 81 elementary reac-
tions [30]. This mechanism has been extensively
validated for the computation of premixed flames
speeds and the detailed structures of non-pre-
mixed and partially premixed methane-air flames
[26,31-33]. The ethylene-air and acetylene—air
flames were simulated using the GRI-Mech 1.2
mechanism [34], since this mechanism yielded bet-
ter agreement with experiments for these fuels.

The counterflow methane—-air, ethylene-air,
and acetylene—air flames were simulated using
the OPPDIFF code [35]. The separation distance
between the two opposed nozzles was 2.54 cm.
The fuel and oxidizer temperatures were assumed
to be 300K. The global strain rate
a, =2|Vo|/1[1+ (|V1L\/—/\V2|\/—)} was main-
tained at a; =200s™ " [36]. The momenta of the
two jets were adjusted to locate the flame close
to the center of the flowfield. Grid independence
of the results was achieved by adjusting the values
of the GRAD and CURV parameters and using
adaptive re-gridding to resolve the structures of
both the premixed and non-premixed reaction
zones. Mixture averaged transport properties were
used for all simulations and negligible differences
were observed in comparison with the multi-com-
ponent transport model. The flame chemistry for
all three fuels in the counterflow configuration
was modeled using the GRI-Mech 3.0 mechanism
[34]. Validation results are presented in the next
section. As shown in Fig. 2, there are negligible
differences in the flame structures predicted using
the GRI-1.2 and GRI-3.0 mechanisms.

2. Results and discussion

2.1. Validation of numerical model

Figure 2 presents a comparison of our predic-
tions using the GRI-1.2 (solid) and GRI-3.0
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Fig. 2. Comparison of the predictions, using the GRI-
Mech 1.2 (solid lines) and 3.0 (dashed) mechanisms, with
the measurements of Sun and Law for N, diluted
ethylene (a) and acetylene (b) non-premixed counterflow
flames established at a strain rate of a; = 56 s~

(dashed) mechanisms with previous measurements
[37] for counterflow N,-diluted, non-sooting C,Hy
and C,H, flames. The flame structure is presented
in terms of temperature and H,, O,, H,O, and
C,H4 (or C,H,) volume fraction profiles. There
are negligible differences between the predictions
and measurements, implying that the differences
between the mechanisms in terms of the critical
CO, volume fraction for flame extinction are also
expected to be small. For additional validation,
we computed the critical CO, volume fractions
Xco, for the extinction of fuel and air stream
diluted non-premixed methane-air flames estab-
lished at a;=100s"", and compared them with
previous measurements [15]. Our predicted CO,
volume fractions for the extinction of fuel and
air stream diluted flames are Xco, =0.71 and
Xco, = 0.14, respectively, while the corresponding
measured  values were Xco, =0.70 and
Xco, = 0.14, respectively, providing further vali-
dation of the simulations.

The two dimensional (2-D) axisymmetric com-
putational model that we employ for coflow
flames has been previously validated against
experimental data for a variety of steady and
unsteady laminar methane-air flames, including
opposed-jet diffusion flames [16], burner-stabilized
[24,32,38] and lifted flames [16,39], and 1-g and
microgravity flames [2,16,32,40,41]. Figure 3 pre-
sents additional validation by comparing the pre-
dicted heat release rate contours with the
measured luminosity images for CO,-fuel stream
diluted ethylene and acetylene partially premixed
flames established at ¢ =2.0 and Xco, = 0.40.
There is generally good agreement between pre-
dictions and measurements in terms of the flame
topology including the locations of the various
reaction zones, rich premixed (RP), lean premixed
(LP), and non-premixed (NP), and liftoff heights
for C,H4 and C,H, flames.

2.2. Coflow flame liftoff and blowout characteristics

Figure 3 presents the measured visual images,
resulting from chemiluminescense and soot radia-
tion, and predicted heat release rate contours for
FSD C,H, and C,H, flames established at ¢
= 2.0 with X0, = 0.40. For these conditions the
CH, flame is extinguished. For all three fuels, a
PPF structure is observed in both experiments
and simulations as indicated by the multiple reac-
tion zones. Methane-air flames also exhibit a PPF
structure prior to extinction. The figure illustrates
the differences between the liftoff and blowout
characteristics of CH4, C,Hy, and C,H, flames
established under similar conditions. For the same
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Fig. 3. Measured luminous images and predicted heat
release rate contours for CO,-fuel stream diluted (FSD)
C,H,4 and C,H, flames established at ¢ = 2.0 and with
Xco, =0.4. The CH, flame at these conditions is
extinguished.
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dilution and stoichiometric conditions, the CH,
flame is extinguished through blowout; the C,Hy
flame is considerably weakened through dilution
and established far downstream from the burner
rim; and the C,H, flame is burner attached. Thus,
irrespective of the level of partial premixing, CHy,
C,H,, and C,H, flames become increasingly more
difficult to extinguish as the C/H ratio is
increased. This is consistent with previous experi-
mental studies on flame suppression that used
both chemically active and inert diluents [17-19].

In order to examine the effect of fuel type on
flame liftoff and blowout (or extinction), the
diluted CH4, C,H,4, and C,H, coflow flames were
established at a specified level of partial premixing
and the amount of CO, dilution in the fuel or air
streams was gradually increased to cause flame
liftoff from the burner and subsequent extinguish-
ment through blowout. Measurements included
images of burner-stabilized and lifted flames (cf.
Fig. 3) and their liftoff heights. For sake of brev-
ity, the flame images are not provided here, and
can be found in Ref. [42]. Figure 4 presents liftoff
heights plotted with respect to the CO, volume
fraction for FSD ethylene and acetylene flames
established at different fuel-side equivalence ratios
¢ (for NFs ¢ = o0). The corresponding results for
methane flames have been previously reported
[1,3,42].

There is good agreement between the predicted
and measured liftoff heights for the various levels
of dilution and partial premixing, providing fur-
ther validation for the computational and flame
chemistry models. Both experiments and simula-
tions indicate that as the amount of dilution
increases, flames that are initially attached at the
burner rim first slowly liftoff, then move away rap-
idly from the burner, with blowout occurring at a
critical CO, volume fraction. The effect of partial
premixing on the flame liftoff and blowout behav-
ior is qualitatively similar for all fuels. In general,
as the level of partial premixing is increased (i.e.,
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Fig. 4. Measured (symbols) and predicted (lines) liftoff
heights of FSD C,H; and C,H, PPFs plotted versus
Xco, for different equivalence ratios.

¢ is decreased), flames become increasingly more
sensitive to FSD. However, this behavior may
not be present for ¢ < 1. Therefore, irrespective
of the fuel burned, PPFs (¢ > 1) liftoff more easily
and blowout at a lower CO, volume fraction as
compared to the corresponding NFs.

For similar conditions, the flames are increas-
ingly more difficult to extinguish as they burn
(in the order) methane, ethylene, and acetylene.
Thus, for the same level of partial premixing, the
critical CO, volume fractions required for the lift-
off and blowout of acetylene flames are the high-
est, with the lowest required for the
corresponding methane flames. This is consistent
with the highest adiabatic flame temperatures
and laminar flame speeds for acetylene—air mix-
tures and lowest ones for methane-air mixtures.
Moreover, the flammability limits of acetylene—
air mixtures (0.27 < ¢ < 68) are significantly wider
than those of ethylene—air mixtures (0.4 < ¢ < 8),
which are in turn wider than those for methane—
air mixtures (0.5 < ¢ < 1.7) [36].

2.3. Global blowout (extinction) characteristics of
coflow and counterflow flames

As stated earlier, due to their high flame tem-
peratures, wide flammability limits, and high
flame speeds, acetylene flames could not be estab-
lished using ASD in our experimental setup. In
contrast, there was no difficulty in establishing
ethylene flames in the burner-stabilized and lifted
modes. However, these flames could not be extin-
guished using ASD even with X¢o, = 1 in the air
stream, due to their wide flammability limits, the
lower CO, diffusivity in fuel as compared to its
diffusion in air, and the presence of oxygen in
the ambient air outside the outer annular jet
which precluded a ‘“total flooding” condition.
Consequently, in order to characterize the influ-
ence fuel type on the extinction of ASD flames,
we simulated counterflow CH,, C,H4, and C,H,»
flames and examined their behavior. Our focus
was on diluted flames near extinction at relatively
large strain rates (a5 = 200 s~1) where sooting was
not an issue.

Figure 5 presents the extinction/blowout char-
acteristics for several fuel and air stream diluted
CHy4, C,Hy4, and C,H, flames in the counterflow
and coflow configurations. For each case, the crit-
ical CO, volume fraction required for flame
extinction is plotted with respect to the inverse
equivalence ratio (¢~ '). The salient observations
follow.

1. There is generally good agreement between
simulations and experiments in terms of the
critical CO, volume fraction (Xco,) for flame
extinction for different levels of partial premix-
ing. Irrespective of the fuel burned, as the level
of partial premixing is increased (i.e., ¢!
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Fig. 5. Ciritical diluent mole fraction Xco, required for
the extinction of fuel (FSD) and air stream diluted
(ASD) CHy4, C,Hy, and C,H, coflow and counterflow
flames (established at a, =200s™") plotted versus oL
The black lines (simulations) and symbols (measure-
ments) indicate FSD results and the blue lines and
symbols indicate ASD results. (For interpretation of
color mentioned in this figure the reader is referred to
the web version of the article.)

increased), Xco, decreases for FSD while it
increases for ASD. This suggests that FSD
becomes more effective and ASD less effective
as the flame becomes more partially premixed.
Consequently, NFs are generally more sensi-
tive to ASD, while PPFs are more sensitive to
FSD, implying that dilution of the deficient
reactant stream is typically the more effective
means of flame suppression.

2. The extinction/blowout behavior presented in
terms of different dilutions, partial premixing
and burner configuration is qualitatively simi-
lar for all three fuels. There are, however, sig-
nificant quantitative differences attributable
to the fuel used. Again, for the same condi-
tions, both FSD and ASD flames are increas-
ingly more difficult to extinguish in the order
methane, ethylene, and acetylene.

3. There is good correspondence between the
extinction of counterflow and coflow flames
for all fuels, particularly for FSD flames. For
all fuels, there is good agreement between the
critical volume fraction Xco, required for the
extinction of FSD counterflow and coflow
flames. As the level of partial premixing is
increased, the critical Xc¢o, value decreases,
i.e., FSD is more effective as the flames become
more partially premixed. This similarity is
interesting since the counterflow flame extinc-
tion occurs through dilution and thermal
effects that decrease the flame temperature,
while coflow flame extinction also involves

aerodynamic effects that cause flame liftoff
and subsequent transition to a triple flame
structure.

4. For ASD flames, there are noticeable differ-
ences between the extinction behavior of coun-
terflow and coflow flames implying that
aerodynamic effects can be significant. These
effects are more prominent for C,H; and
C,H, flames than for CH, flames. For counter-
flow flames, there is a transition equivalence
ratio ¢.; FSD is more effective when ¢ < ¢y,
while the effectiveness of ASD is greater when
¢ < ¢poo. The value of ¢y, increases as the fuel
C/H ratio increases — ¢ ~ 2.0, 3.3 and 13.0
for CHy, C,Hy and C,H, flames (cf. Fig. 5),
respectively. In contrast, for coflow flames, this
transition is observed only for CH,, flames; the
computed and measured ¢ ~2.0. For the
conditions investigated, C;H4 and C,H,; coflow
flames cannot be extinguished using ASD as
discussed earlier. Consequently, the effects of
configuration and fuel type become more sig-
nificant for ASD flames.

In order to further elucidate ASD and FSD
suppression, we plot the peak flame temperature
Tmax as a function of X o, for counterflow flames
in Fig. 6. The behavior of C,H, flames is qualita-
tively similar to those for C,H, flames (and is
therefore not included for the sake of brevity),
while that of CH, flames has been previously
reported [1]. With FSD, flame suppression is
achieved at any equivalence ratio for all three
fuels, while using ASD flame suppression depends
strongly on the fuel and level of partial premixing.
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Fig. 6. Flame temperature 7Ty,.x plotted versus with
Xco, for C;H, counterflow flames established at ¢ = 2.0
(solid lines), ¢ =3.0 (dashed dotted lines), and oo
(dashed lines) for a;=200s~" with FSD (black lines)
and ASD (blue lines). (For interpretation of color
mentioned in this figure the reader is referred to the
web version of the article.)
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For CH, flames, ASD leads to flame suppression
at all ¢ values for PPFs and NFs [cf. Fig. 7 in
Ref. [1]]. However, for C;H, and C,H, flames,
ASD leads to flame suppression only when ¢ > 2
for C,;H,4 flames, and ¢ > 10 for C,H, flames.

As shown in Fig. 6 for ¢ = 2.0, as X o, in the air
stream is increased, Tax first decreases and then
becomes constant as X co, is further increased. This
indicates that the non-premixed reaction zone of
the C,H, PPF first cools but as X o, is increased
ASD becomes far less effective in suppressing the
premixed zone. A similar behavior is observed for
C,H, flames except that the inability to suppress
the flame with ASD expresses itself when ¢ < 10.
The larger value of ¢ in this case is due to its higher
rich flammability limit.

2.4. Correlation between transition equivalence
ratio and flammability limit

We now examine the transition equivalence
ratio more closely. Based on our previous analysis
[3,42], for ¢ < ¢y, the fuel is the deficient reactant
while for ¢ < ¢ < oo, the oxidizer is deficient (cf.
Fig. 5). The value of ¢, for the three fuels
increases in the order CH4, C;Hy4, and C,H>. Since
the rich flammability limit ¢ for the three fuels
also increases in the same order, we hypothesize
that there is a correlation between ¢ and ¢r.
Figure 7 presents a plot of ¢ as a function of
¢r of the three fuels for which a regression anal-
ysis yields: ¢ = 0.16¢pr + 1.73. Thus, the relative
effectiveness of FSD and ASD scales with the fuel
flammability limit, since FSD moves flames
towards the lean limit and ASD towards the rich
limit. ASD does not produce significant flame
suppression below a certain ¢ value since it can
only move the fuel-air mixture to its inflow com-
position but not richer than that.
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Fig. 7. Variation of transition equivalence ratio (¢,)
verses equivalence ratio (¢r) corresponding to the upper
flammability limit of a fuel.

3. Conclusions

Experimental measurements and numerical
predictions are presented to elucidate differences
in the extinction behavior of CH,, C,H,, and
C,H, coflow jet and counterflow flames with
CO,, dilution of the primary fuel and primary air
streams. Laboratory experiments are supple-
mented with 2-D and 1-D counterflow simula-
tions. Important observations include:

1. CHy, C,Hy, and C,H, require sequentially lar-
ger Xco, values to liftoff and extinguish. Thus,
both FSD and ASD suppression becomes
increasingly less effective in the order for flames
established with C,H,, C,H, and CHy4. PPFs
are generally more easily extinguished by
FSD while NFs are more readily extinguished
through ASD.

2. There is good correspondence between the
extinction of counterflow and coflow flames
for all fuels, particularly for FSD flames.
Counterflow CH,, C,H; and C,H, flame
extinction with CO, FSD agrees with the cor-
responding coflow suppression.

3. There are more significant differences between
the extinction behavior of ASD counterflow
and coflow flames. ASD extinction of C,Hy4
and C,Hcounterflow flames is observed only
in the certain range of equivalence ratios, while
ASD is unable to significantly suppress C,Hy
or C,H, coflow flames due to the effects of
buoyancy, aerodynamics, and the wider fuel
flammability limits.

4. The effectiveness of FSD and ASD transitions
at different equivalence ratios for the three
fuels. This transition is attributed to the dilu-
tion of the deficient reactant, and shown to
correlate with the fuel flammability limit.
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